Diffusion thermopower
The total thermopower S is defined by E = S∇T in the presence of a temperature gradient ∇T and an electric field E. At the limit of weak coupling, the total thermopower S of a degenerate 2D gas is S = S d + S g , where S d and S g are the diffusion and phonon-drag components, respectively [1, 2, 3] . At low temperature T , S d ∝ T [1, 2, 3] , while S g has a more complex behavior depending on the carrierphonon scattering. For deformation potential scattering, S g ∝ T 6 [7] , while for piezoelectric scattering, S g ∝ T 4 [8] . In the former case, S g dominates as T ≤ 1K, while in the latter, S d dominates below 0.5K. Thus, as T < 0.5K, one can consider S d as the total thermopower, which can be measured [1] . For elastic scatterings, the diffusion thermopower S d of a 2D hole gas at zero magnetic field is given by [2, 3] :
where |e| is the hole charge, k B Boltzmann constant, E F = 2 k 2 F /2m * the Fermi energy, k F = √ 2πp S Fermi wave number, and m * the hole effective mass. In Eq.
(1), the σ(E) is the conductivity given by σ(E) = p S (E)e 2 τ (E)/m * with τ (E) is relaxation time and p S (E) = Em * /π 2 the 2D hole density [2, 3] . It is always assumed [2, 3] that τ (E) ∝ E p , so the Eq. (1) can be rewritten by Mott formula [2, 3] :
with the scattering parameter p defined by [2, 3] :
The hole gas in our HS, as will be seen later, is expected to undergo simultaneously remote impurity, alloy disorder, interface roughness, deformation potential, and piezoelectric scatterings. In this case, the total relaxation time τ (E) is given by the Matthiessens rule [9] :
where τ RI (E), τ AD (E), τ IFR (E), τ DP (E), and τ PE (E) are the relaxation times due to the scatterings listed above, respectively. It could be seen from the Eqs. (2) and (4) , that the total diffusion thermopower S d of a 2D system, which undergoes more than one scatterings, is specified not only by the scattering strengths, but also the energy dependence of the relaxation time τ (E) at E = E F . In terms of the corresponding autocorrelation functions |U (q)| 2 , they are expressed by [4, 6] :
where q' = (q , θ ), E = 2 q 2 /2m * is the energy corresponding to wave vector q = (q, θ). The dielectric function (q) in Eq. (5) is given at zero temperature within the random phase approximation by [9] 
with q TF = 2m * e 2 / L 2 is the inverse 2D Thomas-Fermi screening length, L the dielectric constant of the HS, and the function G(q) = q/2 q 2 + 4k 2 F in Eq. (6) allows for the local field corrections associated with the many-body interactions of the 2D hole gas [9] . The form factor F S (q) is defined by [4, 10] :
where ζ(z) and ζ(z ) are the wave functions representing the two holes having interaction (7) . An explicit expression for F S (q) will be given in the Eq. (10), thus |U (q)| 2 is all needed for specifying τ (E).
Autocorrelation functions for the scattering mechanisms
Scattering by a random field can be specified by its autocorrelation function in the wave vector space |U (q)| 2 [9] . Here the angular brackets stand for an ensemble average over the fluctuations of the 2D Fourier transform of the random scattering field U (q), given by [4, 9] :
In our HS, the 2D hole gas is confined by a triangular potential [1, 11] located along the growth direction chosen as the z axis with the Si/SiGe interface locates at z = 0. It has been shown [12] that for the finite barrier potential V 0 , the lowest subband may be very well described by the modified Fang-Howard wave function [9, 12, 10] :
for z < 0,
in which k and κ are half of the wave numbers in the well and barrier, respectively. Further, A, B, c, κ, and k are the variational parameters to be determined by minimizing the ground state energy connecting to V 0 [12] . Detailed expressions to be minimized could be found elsewhere [4, 9, 10, 12, 13] . Using Eq. (9), the form factor F S (q) in (7) can be given in term of t = q/k and a = κ/k by [4, 10] Our HS is doped by an impurity sheet of thickness L I supplying a scattering source [1, 11] . This impurity sheet follows a spacer layer of thickness L S grown on the top of the SiGe layer of thickness L [11] . Thus, the first autocorrelation function we have to specify should be [9, 12, 13] :
where F I (q, z i ) is the remote impurity form factor of a 2D impurity sheet located at z i defined by [9, 12] :
while n I (z) is the impurity density at
Further, it was indicated [14] that at high impurity doping level, the impurity distribution is not completely random. Due to the Coulomb interaction among the charged impurities during the sample growth, the impurity diffusion tends to diminish the probability of large fluctuations of the impurity density [15] . The so-called impurity correlation effect can be taken [13, 16] by adding to the autocorrelation function a screening-like factor q/(q + q I ) in term of the inverse statistical-screening radius q I defined by [13, 16] 
In the above expression, T 0 ∼ 1000K is the freezing temperature of the impurity system [13, 16] . By plugging Eq. (9) into Eq. (12), and then putting results into Eq. (11), we obtain |U RI (q)| 2 as:
with
) and the auxiliary functions defined by:
The other autocorrelation functions can be taken from Ref. [4] . For alloy disorder, it is given by [4] :
where x denotes the Ge content of the SiGe alloy, u Al is the alloy potential. The volume occupied by one alloy atom is given by Ω 0 = a 3 Al /8, with a Al the lattice constant of the alloy. The auxiliary functions p l (v) (l = 0 − 4) of the dimensionless variables v and b used here are defined by [4] 
The autocorrelation function of interface roughness scattering is given by [4] :
where n D is the depletion charge density. |∆ q | 2 is the spectral distribution of the interface profile usually assumed [2, 9] to be in Gaussian form specified by roughness amplitude ∆ and correlation length Λ as:
Deformation potential scattering is a combined effect of lattice mismatch, which gives rise a strain field , and interface roughness [17, 18] . In the previous studies [5] , it has always been assumed that the deformation potential experienced by the holes in the valence band is identical to that experienced by electrons in the conduction band [17] with a different coupling constant Ξ. This assumption is, in fact, invalid. In particular, while the deformation potential for the electrons in the conduction band is fixed by a single component zz of the strain field, that for the holes in the valence band must be fixed by all three diagonal components of [19] . Thus, the autocorrelation function for the deformation potential scattering for the holes needs to be modified to have the following form [4] :
in which b = kL,
Similarly, random piezoelectric scattering is a combined effect of lattice mismatch and interface roughness [4] . The other requirement for this scattering is the piezoelectricity of the strained SiGe layer, which has recently been found [20] . Because of the interface roughness, the off-diagonal components of the strain field in the SiGe layer become randomly fluctuating [4, 17] . Therefore, they induce inside the SiGe layer a fluctuating density of bulk like piezoelectric charges supplying a scattering source. The autocorrelation function for piezoelectric scattering in our HS has been derived by Ref. [4] as:
with e 14 is the piezoelectric constant of the SiGe alloy [4, 20] . The piezoelectric form factor F PE (t) appearing in the above equation is given by [4] 
The background impurity scattering examined in some previous studies [2, 3] is not considered here. The reason is that our HS has only an impurity sheet separated from the well by a spacer of thickness L S = 120Å, but no intentional background impurity [1, 11] . Thus, the Eqs. (11), (18), (20) , (22) , and (23) supply all needed for specifying the relaxation time using the Eq. (5).
Numerical results and discussions

Comparison to experiment
We now compare calculated S d to some experimental data for the thermopower S (T < 0.5K) of the 2D hole gas in a p−type Si/Si 0.88 Ge 0.12 HS reported on the Fig. 6 of the Ref. [1] . This HS, which is the sample CVD191 used in the Refs. [1, 11] , is composed by a strained Si 0.88 Ge 0.12 layer of thickness L grown on a Si substrate. A spacer of thickness L S followed by an impurity sheet of thickness L I is placed on the top of the well. At p S = 2.7 × 10 11 cm −2 , the hole mobility µ is 15000cm 2 /Vs, while the thermopower S is given [1] by the solid squares in the Fig. 1 . As T ≤ 0.5K, S is approximately linear, reflecting the domination of the diffusion thermopower S d calculated by Eq. (2) using a phenomenological expression for p with five fitting parameters but no calculations starting from the microscopic level [1] .
Our calculations, on the other hand, are based on experimental parameters using ∆ and Λ as fitting parameters. These parameters are: L = 400Å, L S = 120Å, L I = 300Å, x = 0.12, n I = 3.0 × 10 18 cm −3 , m * = 0.29m e [1, 11] . The finite barrier is chosen to be V 0 (x) = 0.74x = 0.089 eV as in the Ref. [21] while the alloy disorder potential u Al = 0.30 eV as in the Ref. [22] . Following the Refs. [4, 22] , the other Detail discussions in choosing parameters are available in Ref. [4] . As a result, calculations with ∆ = 1.3Å and Λ = 97Å give µ = 14709 cm 2 /Vs and S d /T is −12.60 µV/K 2 , providing the best fit to the reported data, as seen on the Fig. 1 .
It has been suggested both experimentally [17, 18, 23] and theoretically [13, 24] that Λ ∼ 100Å while ∆ varies from 1Å to 20Å. In fact, the roughness amplitude ∆ = 1.3Å is small comparing to those normally used [2, 3, 4, 5, 6] , thus it is necessary to propose an interpretation for this value. It has been pointed out [17, 18] that a strained layer, as thinner than a critical thickness [25] , prefer to relax by buckling which gives raise interface roughness. Consequently, ∆ is found to depend strongly on the strained SiGe layer thickness [18] , the Ge content of the SiGe layer [18, 23] , and the cap layer thickness [18] . In our HS [1, 11] , the SiGe layer with L = 400Å is thick, the Ge content x = 0.12 is small, and the cap layer is thick (L S + L I = 420Å). All of them, interestingly, supply a small ∆ [18, 23] . Further, there exist in the literature many studies supporting ∆ at the same order. Very small roughness amplitudes (∆ 1Å) of Si/SiGe interfaces have been seen experimentally in the Ref. [23] . The same ∆ were also used theoretically, including ∆ = 2Å in the Ref. [13] , and ∆ = 1.78Å in the Ref. [24] .
Scattering mechanisms and the diffusion thermopower
In order to examine the strengths of the existing scatterings in our HS, the hole mobilities limited by separated and combined scatterings are given on the Fig. 2 using the expression µ = eτ (E F )/m * within the linear transport theory [9] . The parameters of the Fig. 1 are used here. The Fig. 2 indicates that in our HS, piezoelectric scattering is weak and alloy disorder is of minor important on the whole range of p S . As p S ≥ 1.5 × 10 11 cm −2 , deformation potential and interface roughness are the dominant scatterings while in the region p S ≤ 1.5 × 10 11 cm −2 , remote impurity dominates. There are two reasons for the major importance of interface roughness, in spite of small ∆. First, since the barrier is small, the hole wave function penetrates deeply into the substrate. Consequently, the hole density at the barrier is finite instead of zero for the infinite barrier, thus strengthening interface roughness scattering [4] . Next, the finite barrier suppresses both alloy disorder and deformation potential scatterings, as showed by the Ref. [4] . Partial and total mobilities of the 2D hole gas in Si/Si0.88Ge0.12 HS vs hole density pS. µRI, µAD, µIFR, µDP, µPE are the partial mobilities limited by remote impurity, alloy disorder, interface roughness, deformation potential, and piezoelectric, respectively. The total mobility µtot is limited by all of the scatterings.
Next, we examine the partial and total S d /T which are plotted vs. p S on the Fig. 3 with the same parameters of Fig. 2 . The notations
PE represent the partial diffusion thermopowers due to remote impurity, alloy disorder, interface roughness, deformation potential, and piezoelectric scatterings, respectively. As mentioned above, the total S d is a combination of the partial components, weighted by the corresponding scattering strengths. An examination of Fig. 3 reveals that S d changes its sign at p S 1.8 × 10 11 cm −2 , which is smaller than that reported for 2D electron gas [2, 3] . On the whole range of p S , S Fig. 2 as functions of pS with the parameters taken from Fig. 2 . RI, AD, IFR, DP, PE are the abbreviations of remote impurity, alloy disorder, interface roughness, deformation potential, and piezoelectric scatterings, respectively. Now we turn to another interesting issue: the possibility of changing in sign of S d when the SiGe layer thickness L changes. While the change in sign of S d in n− type Si-MOSFET's as the carrier density varies has been addressed [2, 3] , no discussion on the dependence of S d on L has been given. A recent study [6] , on the other hand, suggests that the S d of an n−type GaAs quantum well can change its sign as the well thickness L changes. This possibility is a consequence of a strong piezoelectric scattering in the quantum well made by GaAs material with a large piezoelectric constant e 14 . It may be interesting to figure out if there is such a possibility in a SiGe alloy with a smaller e 14 ? To answer this question, we look for experimentally attainable parameters which allow our HS to exhibit a change in sign of S d as L changes. The following parameters are kept: p S = 2.7 × 10 11 cm −2 , L I = 300Å, x = 0.12. The others are chosen for a weaker remote impurity scattering: n I = 1 × 10 18 cm −3 , L S = 100Å, ∆ = 3Å, Λ = 100Å. The partial and total S d /T are plotted vs. L on the Fig. 4 , which shows that the total diffusion thermopower changes its sign at the SiGe layer critical thickness L C 96Å.
For more information, the inset of the Fig. 4 provides the hole mobilities of the HS limited by separated and combined scatterings. It can be seen that while alloy disorder and piezoelectric scatterings are small, the others are comparable. Thus, remote impurity, deformation potential and interface roughness are important scatterings determining the total diffusion thermopower. Since nothing but S d RI 1 (Fig. 3) , we can adjust L C by changing the strength of remote impurity scattering. There are several ways to do that, including changing the spacer thickness or impurity density. Indeed, our calculations reveal that L C depends strongly on L S . For illustrations, the dashed line on the Fig. 4 shows that for L S = 125Å, L C 76Å. If the spacer is wider, (L S = 150Å), the critical thickness is even much lower: L C 55Å (the dotted line).
Conclusion
In conclusion, we present a theoretical study of the diffusion thermopower S d in a p−type Si/Si 1−x Ge x lattice mismatched HS at low temperature and zero magnetic field. In the HS, deformation potential, alloy disorder, and piezoelectric scatterings are examined in comparing to the conventional scatterings. The calculated diffusion thermopower is in good agreement with a recent experiment. Further, S d is found to depend strongly on the SiGe layer thickness L, and changes its sign as L across a critical thickness L C . The possible parameters which can affect L C is also proposed. Deformation potential is a dominant scattering, making an important contribution to S d . On the other hand, piezoelectric is weak while alloy disorder has a very small partial S d . Changing the hole density, we find a sign change of S d at a smaller hole density comparing to that reported previously for 2D electron gases.
